We study the hidden sector effects to the mass renormalization of a simplest gauge-mediated supersymmetry breaking scenario. We point out that possible hidden sector contributions render the soft scalar masses smaller, resulting in drastically different sparticle mass spectrum at low energy. In particular, in the 5 +5 minimal gauge mediated supersymmetry breaking with high messenger scale (that is favored by the gravitino cold dark matter scenario), we show that stau can be the next lightest superparticle for moderate values of hidden sector self coupling. This provides a very simple theoretical model of long-lived charged next lightest superparticles, that imply distinctive signals in ongoing and upcoming collider experiments.
I. INTRODUCTION
The minimal supersymmetric standard model (MSSM) is an attractive framework of a theory beyond the standard model. It resolves some of the shortcomings of the standard model and at the same time makes falsifiable predictions for upcoming experiments. The presence of dark matter, for an instance, has been consolidated by numerous cosmological and astrophysical observations [1] . According to the best-fit Λ-cold dark matter (the 'concordance') model, the major part of the energy density of the present universe is dark energy and dark matter, neither of them is explained by the standard model. While dark energy is likely to be of gravitational origin, dark matter is readily accommodated in MSSM; as the lightest superparticle (LSP) is protected by R-parity, it is an ideal candidate of dark matter.
Among competing supersymmetry breaking scenarios of MSSM, the gauge-mediated supersymmetry breaking (GMSB) [2] is advantageous for natural suppression of flavor-changing neutral currents and CP violation. In GMSB the LSP is gravitino. Cosmological model building with successful structure formation favors cold dark matter, which, in the case of gravitino dark matter, yields gravitino mass lower bound m 3/2 100 keV. Gravitino LSP of this mass range is realized by GMSB models with sufficiently high messenger scale (see also Section 3). For this reason we will be concerned with the high messenger scale GMSB scenario in this paper. The interaction of gravitino with the standard model particles is Plancksuppressed. While this makes gravitino an ideal candidate of dark matter, it also makes its direct detection rather difficult. A more direct telltale of supersymmetry is from the next lightest superparticle (NLSP), which, in the case of GMSB, is either the lightest neutralino or the lightest charged slepton(s). In the high messenger scale GMSB, the NLSP is long-lived, behaving as quasi-stable particles, and the distinction of whether the NLSP is neutralino or slepton leads to entirely different physics. In the 'minimal' GMSB scenario based on the N 5 = 1 (the sum of the Dynkin indices) 5 +5 messengers which are representations of the SU (5) gauge group [3, 4] , the NLSP is neutralino. The long-lived neutralino NLSP scenario is strongly constrained by the big-bang nucleosynthesis (BBN) [5] , leading to severe constraints on both gravitino and neutralino masses. Assuming nonthermal production of gravitino dark matter combined with the BBN bound, the neutralino mass is constrained to be larger than TeV scale. In contrast, if the gravitino dark matter is of thermal origin the neutralino mass can be smaller. In any case, the long-lived neutralino behaves like stable particles in collider experiments and the physics is similar to that of neutralino LSP. If the NLSP is charged slepton(s), on the other hand, we expect entirely different signals. A natural candidate for a charged NLSP is the lightest scalar tau (stau). While the stau NLSP scenario is also constrained by BBN [5] , the restrictions on the gravitino and stau masses are not so tight as the neutralino NLSP case. In collider experiments, charged particles like stau leave tracks in detectors, allowing direct observations of the NLSP. It would also be possible to make a precise measurement of its mass, and the absence of missing energy (such as due to neutrino) would facilitate detailed study of various processes involving stau [6] [7] [8] [9] [10] . In GMSB, stau NLSP is obtained in models with larger N 5 [3, 4] or messengers belonging to larger gauge groups [11] . The messenger index N 5 , however, cannot be taken to be arbitrarily large as it is constrained by the condition that the successful gauge group unification must be preserved. In the case of simple multiple SU (5) messengers, for example, the possible range of N 5 is roughly N 5 10 for the messenger masses ≈ 10 10 GeV. For too large N 5 the gauge couplings diverge before the unification.
These studies are based on the traditional assumption that the renormalization group (RG) flow of the visible world masses does not depend on details of the hidden sector dynamics, which, as is realized recently [12, 13] , turned out not necessarily to be the case. Based on this observation, effects of hidden sector on the renormalization group equations (RGE) are studied in [14] . They use a toy model of the hidden sector with a self-interaction coupling in the constrained MSSM, and show that the soft mass spectrum at low energy is altered by hidden sector effects, suggesting that such spectra can be used to determine the hidden scale and the strength of the self-coupling. In the present paper we shall carry out a similar analysis on the GMSB scenario that gives rise to gravitino cold dark matter, by taking into account the contributions from the hidden sector and reexamining the RG analysis of the minimal GMSB [3, 4] . We find that the effect of the renormalized self-interaction coupling of the hidden sector field renders the soft scalar masses smaller than the conventional GMSB results, and consequently the low energy mass spectrum of the MSSM particles can be drastically altered. A phenomenologically interesting consequence of our analysis is that stau can be the NLSP even in the minimal GMSB scenario. Our model thus provides a simple stau NLSP model with gravitino cold dark matter.
The plan of the paper is as follows. In the next section we present the setup of our model, focusing on how the hidden sector dynamics contributes to the RG of the visible sector. In Section 3 we present our numerical results, and in Section 4 we discuss constraints of the parameter space from the collider and cosmological experiments. We conclude in Section 5 with comments, and explicit forms of the hidden sector contributions to the RGE are summarized in the Appendix.
II. THE HIDDEN SECTOR IN THE GAUGE-MEDIATED SUPERSYMMETRY BREAKING
In the GMSB scenario, the messengers couple directly to the hidden sector fields (which is responsible for the supersymmetry breaking), and indirectly to the MSSM matter fields through the standard model gauge interactions. Once the supersymmetry is broken in the hidden sector, the gauginos and the scalars in the MSSM become massive via one-loop and two-loop corrections, respectively. In the minimal GMSB based on the N 5 = 1 5 +5 messenger belonging to an SU (5), the gaugino masses at the messenger scale M are given by
where
t = ln(µ/M ) and Λ = F/M with F the supersymmetry breaking scale. The index a = 1, 2, 3 is for the MSSM gauge groups U (1), SU (2), SU (3), and g a are the corresponding gauge couplings. The soft scalar masses at the messenger scale are given by
where the index i denotes the MSSM scalars (q,ũ,d,l,ẽ, H u , H d ) in this order, and C a 2 (R i ) are the quadratic Casimir for the matter fields in representation R i of the a-th MSSM gauge group. As indicated, these masses are generated at the messenger scale M . Physical masses at the electroweak scale are evaluated through RG evolution. Below we follow [13, 14] and derive the RGE, taking the hidden sector effects into account.
We model the hidden sector by a single chiral superfield X with Lagrangian,
where the superpotential is
This does not itself break the supersymmetry but we assume that the F -term component of X acquires a nonzero vacuum expectation value by some mechanism. We shall be interested in the effects of the hidden sector renormalization. The hidden sector field X couples only to the messenger fields, and the messenger fields couple to the MSSM fields through the gauge interactions. Below the messenger scale M , the messenger fields are integrated out, yielding the following effective interactions between X and the MSSM fields,
with real and complex coefficients k i and w a . Here Φ i are the MSSM matter superfields (their scalar components
α are the MSSM fieldstrengths. As the F -term component of X obtains a nonzero vacuum expectation value at the messenger scale M , the first and the second terms of (6) respectively give the scalar masses (3) and the gaugino masses (1).
Let us consider quantum corrections to (6) . There are no 1 particle irreducible diagrams that renormalize operators linear in X, and hence the second line of (6) receives only the wave function renormalization coming from the hidden sector field. By the renormalization X → Z −1/2 X X, the second line of (6) becomes
The integrand is a holomorphic function whereas the factor Z −1/2 X is real. Therefore, due to the nonrenormalization theorem [15, 16] , there is no quantum correction in the second line in (6) . This means that w a does not receive any quantum correction at all scales. On the other hand, the integrand of the first term in (6) is not a holomorphic function and therefore the coefficients k i are renormalized by the visible sector gauge interactions and the hidden sector coupling λ in (5). They then satisfy the RGE
The second term is the leading visible sector contribution. In the first term γ(t) is the anomalous dimension at t = ln(µ/M ) arising from the hidden sector interactions (5). The anomalous dimension in the lowest order in λ is
where λ(t) is the running hidden sector Yukawa coupling which renormalizes according to
The RGE (8) are solved as
Using this expression, the scalar masses of the visible sector including the RG effects are described by
with
Here the gauge couplings run according to the standard 1-loop formula,
where (b 12 GeV, λ = 3.8 and tan β = 10.
III. THE HIDDEN SECTOR RENORMALIZATION GROUP FLOW
We shall be interested in the low energy mass spectra, in particular determination of the NLSP. The hidden sector renormalization affects the mass RG flows between the messenger scale µ = M and the hidden scale µ = M hid . Eq. (8) implies that the RGE for the MSSM soft scalar masses are modified as,
while those for the other masses and couplings are unaltered (see, for example, [17] ). Below the hidden scale, the hidden sector fields are integrated out and all the masses and the couplings evolve according to the standard MSSM RGE. The low energy mass spectrum is obtained by integrating the RGE, from the messenger scale to the hidden scale with the hidden sector effects (15) included, and then down to the electroweak scale in the standard way. In this section we present numerical study of the MSSM RGE including the hidden sector effects at one-loop order. The non-standard parts of the RGE are listed in Appendix A. In our computations we made following approximations. For simplicity only the (3, 3) family component of the three Yukawa matrices, and only the (3, 3) family component of the trilinear A-term matrices, are set to be non-zero. The latter are set to vanish at the messenger scale. Throughout our analysis we use following values: tan β = 10, the soft mass scale M S = 500 GeV, and GeV, the hidden scale is M hid = 10 8.5 GeV. Fig. 1 shows the mass RG flows of the first and the third generation sleptons with and without the hidden sector effects, and Fig. 2 shows similar results for the squarks. The messenger scale is taken to be M = 10
12
GeV. In both Fig. 1 and Fig. 2 , we see that the hidden sector renormalization (down to the hidden scale M hid ) gives rise to smaller soft scalar masses, compared to the flows without it. This effect is readily understood by looking at the RGE (A1)-(A7), in which the effects of the hidden sector renormalization are the positive terms 4λ 2 m 2 i on the right hand sides 1 . It is also obvious from the RGE that larger λ gives smaller soft scalar masses at low energy. In contrast, the RGE and hence the low energy mass spectrum of the gauginos are not affected by the hidden sector renormalization. This implies that the lightest scalar superparticle, namely the lightest stau, can be lighter than the lightest gaugino, i.e. bino, for sufficiently large λ. In Fig. 3 , we plot the stau/neutralino mass ratio mτ /mχ0 at the electroweak scale as a function of λ with M = 10 12 GeV. λ = 0 corresponds to no hidden sector RG effects, reproducing the known result of neutralino NLSP in the minimal GMSB scenario. As λ is increased 2 , the mass mτ of the lightest stauτ becomes smaller, while the neutralino mass mχ0 remains the same; the stau becomes lighter than the neutralino when λ 3.7. For example, M = 10
12 GeV and λ = 3.8 yields mτ = 132 GeV and the neutralino (bino) mass mχ0 = 135 GeV at the electroweak scale. This stau mass is compatible with the LEP bound for long-lived massive charged particles 102.0 GeV [18] .
The ratio of the stau and the bino masses mτ /mχ0 is depicted in Fig. 4 , against the messenger scale M for various values of λ. The vertical dashed line indicates the minimal messenger scale determined by the condition that gravitino is cold dark matter, m 3/2 0.1 MeV. Here the gravitino mass is given by [19, 20] 
where M P = 2.4 × 10 18 GeV is the reduced Planck mass. The gravitino mass is also affected by the hidden sector renormalization [14] . For example, when the source of the supersymmetry breaking is a term linear in X, the vacuum expectation value of the F -term component of X is proportional to the wave function renormalization factor Z −1/2 X = exp(− 1 2 0 t dtγ(t)). This takes effect from the messenger scale down to the hidden scale, resulting in suppression of the gravitino mass by the factor Z −1/2 X ≈ 0.5 for λ = 2 ∼ 4. Taking this suppression into account, the minimal messenger scale consistent with the cold dark matter condition m 3/2 0.1 MeV is M * ≈ 9.0×10 9 GeV. By choosing an appropriate messenger scale M within M * M 10 12 GeV, stau can be the NLSP with λ as small as 3.0.
1 In GMSB a hidden sector field need be an MSSM gauge singlet and a possible model of hidden sector superpotential is Yukawa type, as (5) . Then the hidden sector contributions to RGE are always positive. 2 The perturbative means is valid for λ 2 /(4π) 1. Our choice of the parameter in the following discussions is roughly within this range. 
IV. STAU NLSP PHENOMENOLOGY
In the previous section we have seen that the hidden sector renormalization can change the low energy mass spectrum. Here we describe phenomenological implications when the NLSP is the lightest stau.
We note that cosmological constraints on the mass parameters in the stau NLSP scenario are less stringent than in the neutralino NLSP case [5] . In BBN, stau produces a bound state with 4 He that tends to overproduce primordial 6 Li through catalytic reaction 4 Heτ − + D → 6 Li +τ − [21, 22] (see also [5, 23, 24] ), giving upper bound for the stau lifetime
GeV mτ
Fig . 5 shows the stau lifetime ττ plotted against the stau mass mτ for different values of gravitino mass m 3/2 . The upper bound of the stau lifetime ττ 5 × 10 3 constrains the gravitino mass from above. For our typical range of stau mass mτ ≈ 130 GeV, the gravitino mass is m 3/2 0.6 GeV. Together with the condition that gravitino behaves as cold dark matter, a successful cosmological scenario with stau NLSP and gravitino cold dark matter requires the gravitino mass to be within 0. MeV m 3/2 0.6 GeV. The model prediction (16) is safely within this range.
The origin of relic gravitino is either thermal or nonthermal productions. The thermal production is due to scattering in the thermal plasma in the radiation dominated era after inflation. The relic abundance from this contribution is computed as [26] [27] [28] 
where T R is the reheating temperature and h is the Hubble constant in the unit of 100 km Mpc −1 s −1 . The nonthermal production of gravitino is due to decay of the NLSP 4 [38, 39] . The abundance of non-thermally produced gravitino is estimated as [40] [41] [42] [43] 
where Ω th τ is the thermal abundance of stau. The total gravitino abundance is thus
which is constrained by the observed dark matter density
For stau mass mτ ≈ 130 GeV, the BBN bound for the gravitino mass m 3/2 0.6 GeV restricts the nonthermally produced gravitino abundance (19) to be extremely small, Ω NTP G h 2
10
−5 , indicating that most of the gravitino dark matter is produced thermally. The BBN bound for the gravitino mass and the dark matter abundance (21) gives an upper bound of the reheating temperature. Using (18), we find T R 10 7 GeV. The model prediction (16) ), one needs T R ≈ 10 6 GeV. This is lower than the reheating temperature required for successful leptogenesis; the observed baryon asymmetry needs to be generated by some other mechanism, such as [44] .
Stau NLSP is also of interest for collider phenomenology. Eq. (17) implies that the lifetime of stau ττ may be long, depending on the gravitino and stau masses; for instance, ττ ≈ 100 sec for mτ = 130 GeV and m 3/2 = 0.1 GeV. For a particle with such a long lifetime, the decay length well exceeds the size of detectors and the decay takes place outside detectors. There have been intriguing proposals for trapping such long-lived charged NLSPs outside detectors [6] [7] [8] [9] [10] . It has been pointed out that detailed studies of stau decay may provide precise measurements of the gravitino mass and the supersymmetry breaking scale. This would also be a crucial test of supergravity since the stau decayτ → τG involves supergravity effects.
V. DISCUSSION
In this paper we studied the effects of hidden sector renormalization in the minimal GMSB model, using a toy model of the hidden sector field X with self-coupling λ. We saw that the soft scalar and gravitino masses are affected by the hidden sector RG; they become smaller than the conventional GMSB RG results. Since the gaugino masses are unaltered, the resulting low energy mass spectrum of the superparticles can be quite different from the conventional GMSB. In particular, we find that stau, instead of neutralino, can be the NLSP in the minimal GMSB model. Based on this observation we also discussed phenomenological implications of stau NLSP and gravitino cold dark matter arising from the model. With our typical choice of parameter values: the messenger scale M = 10 12 GeV, tan β = 10, Λ = F/M = 10 5 GeV and the hidden sector coupling λ = 3.8, the model yields stau NLSP with mass mτ ≈ 130 GeV. The gravitino mass arising from these parameter values is shown to be consistent with the BBN constraints. It was also shown that gravitino cold dark matter with observationally consistent abundance is attributed to thermal production in this scenario.
We comment that the hidden sector dependence of the mass spectra, as discussed in this paper, does not necessarily mar the predictability of the GMSB scenario. Rather, the hidden sector only influences the soft scalar and the gravitino masses, and the beauty of the GMSB scenario is kept intact. In fact, as emphasized in [12] [13] [14] , the effects of the hidden sector RG can be viewed as a new window to look into the hidden sector using the low energy mass spectrum that is expected to be revealed in experiments such as Large Hadron Collider. While the model discussed here represents a simple toy example of many possible hidden sector models, we believe essential features of our results to be generic. For example, only the soft scalar and the gravitino masses, and not the other masses neither the couplings, are subject to the hidden sector RG effects. This is a consequence of the powerful non-renormalization theorem and we do not expect this feature to be dependent on details of the hidden sector. Needless to say, however, there might be various other model-dependent issues that deserve further study. 
and
Here the trace means the sum over the generations. The above equations for the squarks and sleptons apply to the 3rd family; the equations for the 1st and the 2nd families are obtained from above by simply omitting the Yukawa and the A-term contributions (i.e. neglecting the ξ t , ξ b , ξ τ terms). All the other RGE (the gauge couplings, the gaugino masses, the Yukawa couplings and the A-terms) are unaffected and are given e.g. in [17] .
